ABSTRACT
Introduction
Concurrently, several empirical studies on the topic of local non-Gaussianity and higher [White (1980) , Trenberth and Mo (1985) , Nakamura and Wallace (1991), Holzer (1996) ] in 119 the non-Gaussianity of the atmosphere have focused on this variable.
120
(ii) Vorticity
121
Vorticity is a fundamental measure of rotation in flow around an axis. In meteorology we 122 most often speak of the vertical vorticity, which is calculated from the two horizontal wind 123 component u and v. The relative vorticity ζ is often added to the Coriolis parameter f to 124 form the absolute vorticity η. In spherical coordinates, the relative vorticity is given by 
126
where a is the distance from the center of the Earth, φ is the latitude, and λ is the longitude.
127
This variable was recently examined by Sura and Perron (2010) .
128
Additionally, we look at the potential vorticity, which is equal to the absolute vortic- large impact on the strength and direction of ocean currents.
(iv) Vertical Velocity in Pressure Coordinates

159
Unlike the horizonal wind components, which are easy to measure and well predicted by 160 current theory, the vertical velocity is a much trickier variable. Vertical motion can happen 161 due to sloped terrain, but the most important contributor remains lift due to convection or 162 frontal features. Thus, vertical motion is often associated with instability and, by definition,
163
ageostrophy. As with geopotential height, we choose 500 hPa, the level of non-divergence, to 164 be our main level of interest. This is because vertical velocity is maximized in non-divergent however, are the third and fourth central moments: the skewness γ 1 and the kurtosis γ 2 : 
where N i is the number of independent data points in our time series at each location (Brooks 226 and Carruthers 1953). Note that (5) and (6) pressure level (the reasoning behind picking each level is explained in the previous section.) 260 In these subplots, the x-axis is the longitude and the y-axis is the latitude. The bottom four 261 subplots (e, f, g, h) show the vertical profile of the zonally-averaged non-Gaussian statistics.
262
In these subplots, the x-axis is the latitude and the y-axis is the logarithm of the pressure.
263
The left subplots (a, c, e, g) show the skewness of that particular variable while the right heights.
287
The kurtosis of the geopotential height is also mainly a function of latitude, though the large swaths of territory over the Arctic, tropics, and Southern Hemisphere mid-latitudes.
292
Like the skewness patterns commented on earlier, the kurtosis also features slight seasonal 293 variability, especially in the polar regions.
294
Looking at the zonally-averaged vertical cross-sections, we notice that in the lower tro-295 posphere (below 700 hPa) the positive skewness regions as a whole are not significant. We 
302
The kurtosis pattern during DJF is composed of two negative bands that span most of At 300 hPa, the skewness of the relative vorticity ζ (Fig. 2) broader, again owing to the larger amplitude of Rossby waves in the boreal winter.
324
The zonally-averaged cross-section of ζ shows that the equatorward bands of skewness The skewness field of the 300-hPa QGPV, as seen in Fig. 3 , is quite similar to the one 332 for ζ except that, at the 300 hPa level, the skewness is neutral poleward of the storm track 333 instead of being significantly positive or negative.
334
Poleward of the storm tracks, we can see that the kurtosis of the QGPV is almost uni-335 formly negative. Between the storm tracks, in the tropical region, both positive and negative 336 kurtosis is found. Overall, the tropical kurtosis changes to a more negative value around
337
JJA. This is especially true in North Africa and southern Asia.
338
Taking a zonal average of these moments reveals that the hemispheric character of the 339 300 hPa pattern extends throughout the entire column of air. Positive skewness regions in the
340
Northern Hemisphere correspond to negative skewness regions in the Southern Hemisphere 341 and vice versa. Below 300 hPa, the non-Gaussianity does not depend much on latitude, while 342 above 300 hPa, the tropopause seems represented by a region of opposite skewness as the 343 rest of the non-Gaussian regions of that hemisphere.
344
The kurtosis patterns are simpler to describe. There exists a region of positive kurtosis 345 in the tropics at virtually all levels of the troposphere, and this region extends to the mid- The quantity ω (Fig. 7) , representing the vertical wind speed in pressure coordinates,
411
has distinct non-Gaussian patterns restricted mostly by the instability of the atmosphere.
412
Looking at the skewness subplots we see that almost all of the atmosphere at 500 hPa has a easier for a parcel of air to rise quickly than it is for it to sink quickly. Given that most of the 417 warming due to solar radiation occurs at the surface of the earth and the lowest layer of the 418 atmosphere, parcels have a tendency to form thermal bubbles that are unstable compared 419 to their environment. On the other hand, it is more rare that a parcel of air in the mid-to-420 upper troposphere will cool suddenly and drop toward the surface. Thus, in most place we 421 see negative skewness, which means more upward motion extreme events than downward 422 motion extreme events. In other words, upward motion is typically a smaller-scale event
423
(both spatially and temporally) while downward motion is a larger-scale event.
424
The kurtosis of the vertical velocity is decidedly positive almost everywhere except for In general, the temperature distribution above continents tends to have negative skewness.
439
Over the oceans, the main difference between each season is the sign of the skewness in polar On the other hand, the patterns of kurtosis in both DJF and JJA periods are quite noisy.
444
Overall, there is a trend of negative kurtosis at mid-to-high latitudes stretching around the Finally, the specific humidity (Fig. 9) is also non-Gaussian. In deserts and the polar 
Summary and conclusions
474
In this paper we have presented a consistent (i.e., from one data set) climatology of non-
475
Gaussian atmospheric statistics for daily sampled key atmospheric variables. While the first the rectification due to the nonlinearity of the advective processes.
• Relative Vorticity. The higher statistical moments for relative vorticity have their max- around the globe except for narrow negative-valued bands around these storm tracks.
502
• Quasi-Geostrophic Potential Vorticity. Though non-Gaussianity is visible at all loca- Gaussian climatology of key atmospheric variables presented here will inspire students and 557 researchers to help answering the plethora of outstanding questions and challenges.
558
We thank the anonymous reviewers for their helpful comments that led to significant Framework".
563
Because the pdfs of our data are not necessarily close to Gaussian at each grid point,
567
we cannot use standard error formulas (5) and (6) and variance is based on the original data.
574
Let us start with the Langevin equation of our null hypothesis:
576
where λ is a positive constant representing the damping of the variable x and η(t) is Gaussian 577 white noise with amplitude σ. Of course, x will also be Gaussian by construction. Discretizing 578 (A1) in time gives the first-order autoregressive process
580 where η t is now discrete (with time increment ∆t) Gaussian white noise with standard 581 deviation σ η . In this form, it can be shown that the variance of x is . Absolute values of the skewness 95% confidence intervals for DJF (a) 500-hPa geopotential height, (b) 300-hPa relative vorticity, (c) 925-hPa zonal wind, (d) 925-hPa meridional wind, (e) 925-hPa horizontal wind speed, (f) 500-hPa vertical velocity in pressure coordinates, (g) 925-hPa air temperature, and (h) 925-hPa specific humidity. These values were calculated from the Monte Carlo process described in the Appendix. Fig. 12 . Absolute values of the skewness 95% confidence intervals for DJF 300-hPa quasigeostrophic potential vorticity. These values were calculated from the Monte Carlo process described in the Appendix. Note that the values poleward of ±85
• latitude and equatorward of ±5
• latitude are undefined due to the way this variable was derived.
